Piezo1 channels are determinants of vascular responses to fluid flow. They importantly provide sustained response to flow, but this property contrasts with the rapid inactivation that has become a hallmark of the channels in heterologous overexpression studies. Here we reveal a mechanism by which blood vessels disable inactivation to enable sustained physiological response. Creation of a molecular model of Piezo1 channel in defined lipid membranes suggested potential modulation by sphingomyelin 2 and its product ceramide. Biological relevance was indicated by the observation that exogenous sphingomyelinase enhanced Piezo1-mediated Ca 2+ entry in cultured endothelial cells. We therefore hypothesised that endogenous sphingomyelinase suppresses channel inactivation. Remarkably, in endothelium freshly-isolated from murine artery, neutral sphingomyelinase inhibitors or genetic disruption of sphingomyelin phosphodiesterase 3 (SMPD3) caused flow-and pressure-activated Piezo1 channels to become inactivating. SMPD3 retained its ability to disable inactivation in cell-free membrane patches, providing evidence for a membrane localised effect. The data suggest that inherent inactivation of Piezo1 channels is disabled by enzymatic control of lipid environment to enable physiological response to mechanical force. random order determined by the genotype of litters. Data were generated in pairs (control mice and Smpd3 fro/fro mice) and data sets compared statistically by independent t-test without assuming equal variance. Paired t-tests were used when comparing data before and after application of flow or a substance to the same membrane patch or cell. One-way ANOVA followed by Tukey posthoc test was used for comparing multiple groups. Statistical significance was considered to exist at probability (P)
INTRODUCTION
Shear stress is a frictional force that arises when fluid flows along a cellular surface: it impacts many aspects of biology 1 . Especially rapid flow occurs in the vasculature where powerful shear stress arises from blood or lymph flowing against endothelium 2-4 . The ability of endothelial cells to sense this force and respond appropriately is critical in vascular development, health and disease 1,4-7 . Yet the underlying molecular mechanisms (particularly how the force is sensed) have been difficult to elucidate 4,7-10 . In 2014 an important molecular component was revealed as the Piezo1 channel [11] [12] [13] , a Ca 2+ -permeable nonselective cationic channel that seems to have as its primary function the sensing of mechanical force and its transduction into cellular response [14] [15] [16] [17] . Endothelial Piezo1 is relevant to vascular maturation in the embryo, response to shear stress in adult endothelial cells in vitro and in vivo, and the disease of generalized lymphatic dysplasia [11] [12] [13] [18] [19] [20] [21] [22] [23] [24] [25] . It alone confers shear stress response on otherwise resistant cells and responds quickly and reversibly in membrane patches excised from endothelial cells, suggesting a membrane-delimited, perhaps direct, ability to sense shear stress 11, 12, 18, 19 . It does not inactivate in response to sustained flow and so impacts continuously until flow ceases 11, 19, 24, 25 . Here we focus on the non-inactivating property because it contrasts with the rapid inactivation seen when Piezo1 is over-expressed in cell lines 14, 17, 26, 27 .
RESULTS

Predicted interaction of Piezo1 with sphingomyelin and ceramide Molecular simulation of Piezo1
channel was generated using published structural data 28 and incorporated in model membranes of defined composition. The simulation predicted Piezo1 interaction with the membrane constituent, sphingomyelin (Figure 1a, b) . Sphingomyelinase catalyses the generation of ceramide from sphingomyelin 29 . Therefore, we also analysed the channel in the presence of ceramide (5%) and a combination of ceramide and sphingomyelin (2.5% each); interactions with both lipids were indicated (Figure 1c, d) . Some of the C-terminal amino acid residues predicted to interact with ceramide and sphingomyelin are close to determinants of inactivation 27 , suggesting the possibility to modulate inactivation ( Figure 1e ). We also analysed the dome-like membrane indentation caused by Piezo1 channel because it is thought to be a key property regulating channel gating 28, 30 . Intriguingly, the depth of the dome depended on the relative proportions of ceramide and sphingomyelin (Supplementary Figure S1 ). In 5% sphingomyelin (0% ceramide) the dome depth was 5.62 ± 1.00 nm and 5.23 ± 1.08 nm for the upper and lower leaflets, whereas in 5% ceramide (0% sphingomyelin) the depth was 5.29 ± 0.79 nm and 4.94 ± 0.86 nm for the upper and lower leaflets. The analysis predicts importance of sphingomyelin and ceramide for Piezo1 and potential for regulation of inactivation by these lipids. We therefore used sphingomyelinase to alter the proportions of these lipids in native cells.
Bacterial sphingomyelinase enhances Piezo1-dependent Ca 2+ entry
We first studied cultured human umbilical vein endothelial cells (HUVECs) as a model of native endothelium. These cells express functional Piezo1 channels 11, 31 . A synthetic chemical agonist, Yoda1 31, 32 , activated the channels to cause Ca 2+ entry (Figure 2a ). The response to Yoda1 was suppressed by Gd 3+ , a non-specific Piezo1 channel blocker 14 or by depletion of Piezo1 caused by Piezo1-targeted siRNA, consistent with Piezo1 channels mediating the response (Figure 2a Neutral sphingomyelinase inhibitors prevent sustained endothelial response to flow To investigate flow responses of native channels, endothelium was freshly isolated from second-order mesenteric arteries of adult mice. Our previous membrane potential recordings from this preparation showed an essential role for endogenous Piezo1 in determining resting membrane potential and sustained depolarization evoked by fluid flow 19 . Here we made similar observations, again observing robust reversible depolarization in response to fluid flow ( Figure 3a ). Small oscillations, of unknown mechanism, variably occurred superimposed on the overall response ( Figure 3a ). To test the contribution of endogenous sphingomyelinase we first incubated cells with pharmacological inhibitors of two different subtypes of this enzyme. Desipramine, a weak base that inhibits acid sphingomyelinase 33 , had no effect on the flow response, but two inhibitors of neutral sphingomyelinase (GW4869 and altenusin 29, 34, 35 Disruption of Smpd3 prevents sustained response to flow Small-molecule inhibitors are not necessarily specific and do not shed light on the subtype of neutral sphingomyelinase, so we sought to identify the underlying gene. A prominent neutral sphingomyelinase in vascular biology is known to be sphingomyelin phosphodiesterase 3 (SMPD3 or nSMase2) 36 . It is encoded by the Smpd3 gene, the bestcharacterised of the four nSMase genes 29, 36 . We therefore investigated mice homozygous for the fragilitas ossium (Fro) mutation of the Smpd3 gene (Smpd3 fro/fro ), which causes loss of the C-terminal active domain of SMPD3 29,37-39 . Strikingly, there was an initial transient response but no sustained response to flow in these mice (Figure 4a-d) . The data suggest that SMPD3 is required for sustained flow-evoked depolarization. The resting potential was not significantly changed by Smpd3 fro/fro ( Figure   4c ). The data suggest that SMPD3 is required for the sustained response to flow.
Regulation by SMPD3 is local and membrane-delimited Prior work suggests that sustained activation of Piezo1 channels is preserved in membrane patches excised from endothelium, suggesting that intracellular communication and organelles are not required 19 . All channel activity evoked by fluid flow in these studies was Piezo1 dependent and had the expected unitary current properties of Piezo1 channels 19 . It is also known that SMPD3 is a plasma membrane-tethered enzyme 29 . Therefore we investigated if the SMPD3-Piezo1 relationship is functional in excised cell-free membrane. Similar to the membrane potential observations from intact endothelium ( Figure 4 ), Smpd3 fro/fro caused Piezo1 channels to become inactivating (Figure 5a-c). Consistent with these data, the observed channel activity had the expected unitary current size of Piezo1 channels at -80 mV 15, 18, 19 and was suppressed by Gd 3+ , a blocker of Piezo1 channels 14, 19 (Figure 5d -f). GW4869 similarly suppressed the sustained response to flow in excised patches (Supplementary Figure S2 ). The data suggest that SMPD3 operates locally to suppress inactivation of Piezo1 channels.
SMPD3 prevents pressure-evoked inactivation Activation by flow is physiological but slower in onset than the rapid force caused by pressure pulses and cell-prodding used in studies of overexpressed Piezo1 channels 14, 26, 27 . We therefore also applied pressure pulses to cell-attached patches of endothelium. As previously described in HUVECs 11 there was sustained channel activation in response to 20-mmHg pressure pulses applied to freshly isolated endothelium ( Figure 6a ). The currents were large multi-channel currents, larger than those seen in outside-out patches (Figure 6a cf Figure 5a ) perhaps at least partly because larger patch pipettes were used for these recordings. Strikingly, in cellattached patches on endothelium of Smpd3 fro/fro mice the current inactivated, as shown by strong decay of the inward current despite the persistent pressure step (Figure 6b ). Unexpectedly the initial peak current was larger than the control (Figure 6c ) but it then decayed to become much smaller than the control (Figure 6d ). GW4869 similarly caused the current to inactivate strongly but did not cause an increase in amplitude (Supplementary Figure S3 ), suggesting that the larger current in Smpd3 fro/fro mice reflects compensatory increase in channel density. The data suggest that SMPD3 also prevents inactivation when the mechanical stimulus is a pressure pulse.
DISCUSSION
Based on this study we suggest that endothelial cells use an enzymatic mechanism to alter the local lipid environment of Piezo1 channels to prevent inherent inactivation and allow physiologically important mechanical response. Our findings are consistent with a study pre-dating the discovery of Piezo1 that suggested a role for SMPD3 in endothelial response to fluid flow 40 . Lipid regulation of inactivation is also a reasonable proposal because the inactivation gate is hydrophobic 27 and sphingomyelin and ceramide are predicted to achieve proximity to this gate ( Figure 1e ). Moreover, prior work has shown that application of lipids, such as fatty acids, to Piezo1 channels suppresses their inactivation 41 . We envisage that SMPD3 achieves its effect through constitutive activity that determines the local lipid profile but its activity may also be enhanced by Ca 2+ entry because SMPD3 locates to the inner leaflet of the bilayer and interacts with calcineurin, a Ca 2+ -and calmodulin-dependent serine/threonine protein phosphatase that activates SMPD3 by regulating its phosphorylation status 29, 42 . Surprisingly, only mechanically-activated channel activity was regulated by SMPD3, not constitutive activity. This suggests two pools of channel: one that avoids inactivation through SMPD3 and the other that avoids it through a different mechanism (as yet unidentified). We speculate that the constitutively active channel exists in a lipid raft that confers a compartment for constitutive neutralisation of inactivation, so that these channels are unaffected by SMPD3 disruption because they are already noninactivating.
It will be worthwhile to investigate if SMPD3-dependent escape from inactivation is also important in non-endothelial cell types where rapid inactivation is also likely to be incompatible with function. One possibility is osteoblasts where non-inactivating Piezo1 activity has been seen 43 . It may not be a coincidence that Piezo1-and Smpd3-disrupted mice both show abnormal bone formation 38, 43 . Slow inactivation has also been described in other cell types such as embryonic stem cells, where a role of Piezo1 in the relatively slow process of cell proliferation has been suggested 44 .
It has been reported previously that addition of exogenous sphingomyelinase modifies gating properties of voltage-gated ion channels, for example slowing inactivation of voltage-gated Na + channels depending on host cell type 45, 46 . These findings are consistent with our observations but, to the best of our knowledge, ours is the first indication that an endogenous sphingomyelinase regulates an ion channel for context-specific modulation. It will be worthwhile to investigate the broader relevance of this concept because of the known importance of sphingomyelin and ceramide in membranes, the widespread expression of sphingomyelinases and the diversity of ion channels in complex membranes.
METHODS
Piezo1 channel modelling
Structural data were obtained from the mouse cryo-EM structure PDB: Isolation of endothelium from mesenteric artery Endothelium was freshly isolated from secondorder branches of mouse mesenteric arteries as described previously 19 . Briefly, dissected second-order mesenteric arteries were enzymatically digested in dissociation solution (126 mM NaCl, 6 mM KCl, 10 mM Glucose, 11 mM HEPES, 1.2 mM MgCl2, 0.05 mM CaCl2, with pH titrated to 7.2) containing 1 mg.mL -1 collagenase Type IA (Sigma-Aldrich, Dorset, UK) for 14 min at 37 °C and then triturated gently to release endothelium on a glass coverslips for recordings on the same day. (a, b) . 'Rest' indicates the resting membrane potential in static (no flow) condition. 'Peak' indicates the maximum depolarisation of the membrane potential in response to flow, which was the initial response. Membrane potential values 1 and 2 min after the start of flow are also shown. (d) For the experiments of (c), the duration of the flow-evoked depolarisation. In the WT group, the duration of the response was the same as the duration of the exposure to flow. Mean ± s.e.mean data * P < 0.05, ***P < 0.001. WT: n=8; Fro/fro: n=6 recordings. (c) Mean ± s.e.mean data for the peak (maximum) inward current amplitude that occurred in experiments of the type shown in (a, b): WT recordings (n=6 recordings); Smpd3 fro/fro (fro/fro) recordings (n=6). *** P < 0.001. (d) As for (c) but showing analysis of the current decay rate for WT (n=6) and Smpd3 fro/fro (fro/fro) (n=6) recordings.
Patch-clamp electrophysiology
